Accurate measurement of malaria parasite clearance rates (CRs) following artemisinin (ART) treatment is critical for resistance surveillance and research, and various CR metrics are currently used. We measured 13 CR metrics in 1472 ART-treated hyperparasitemia infections for which 6-hour parasite counts and parasite genotypes (93 single nucleotide polymorphisms [SNPs]) were available. We used heritability to evaluate the performance of each metric. Heritability ranged from 0.06 ± 0.06 (SD) for 50% parasite clearance times to 0.67 ± 0.04 (SD) for clearance half-lives estimated from 6-hour parasite counts. These results identify the measures that should be avoided and show that reliable clearance measures can be obtained with abbreviated monitoring protocols.
Artemisinin-based combination therapies (ACTs) are key to global malaria control efforts. However, the emergence of artemisinin-resistant malaria in western Cambodia [1] [2] [3] and along the Thai-Myanmar border [4] threatens these efforts. Artemisinin (ART) resistance is characterized by slow parasite clearance in treated malaria patients [2] and has a strong genetic basis [5] . Although predictive molecular markers for ART resistance have not yet been identified, recent studies offer promise [6, 7] . There are currently no reliable in vitro tests for measuring ART resistance; standard growth inhibition assays fail to discriminate ART-sensitive from ART-resistant parasites [2] . Therefore, ART sensitivity must be measured in patients from the decline of parasitemia following ART treatment.
Several measures of parasite clearance have been used. Early studies used 24-hour sampling of parasites following treatment and examined time to the first negative blood slide or calculated a parasite reduction ratio (PRR), which is the proportional reduction in parasitemia at 24 or 48 hours [1, 2, [8] [9] [10] [11] . Other studies used 50% and 90% parasite clearance times [12] (time taken for the initial parasite density to fall by 50% or 90%). More recently, 6-hour blood sampling following treatment until clearance has been advocated [13] ; plots of log parasite clearance against time are used to measure parasite clearance rates or half-lives (t 1/2 P) [3, 4] . Frequent quantification of parasitemia decline following treatment is clearly ideal. However, it is also intrusive, expensive, and labor intensive and is only feasible when patients remain hospitalized for several days following treatment [4] . This intensive sampling approach may not be possible in many clinical or field study situations. In addition, consensus on whether or not to account for the lag phase (the initial period following treatment when the relationship between log parasite density and time is not linear [13] ) when estimating parasite clearance rates is lacking.
The central goal of this study was to evaluate the performance of different parasite clearance monitoring schemes and statistics in order to help others choose strategies that maximize accuracy while minimizing sampling effort and expense. Because there is no gold standard against which different measures of ART susceptibility can be compared, we used heritability (the proportion of variation in parasite clearance attributable to parasite genetic factors) as a benchmark for evaluating the utility of each metric [10] . The rationale for this approach is that accurate measures of clearance will show strong heritability, while inaccurate measures will show poor heritability. Parasite clearance rates following ART treatment are highly heritable [5] . On the Thai-Myanmar border, 66% of the variation in t 1/2 P is attributable to parasite genetic factors [4] . Therefore, we can assess the usefulness of each clearance metric by estimating the proportion of the maximal genetic signal that it captures.
MATERIALS AND METHODS

Ethics Statement
The ethics review boards of the faculty of Tropical Medicine at Mahidol University, Bangkok, Thailand, approved these studies.
Parasite Clearance Data
Parasite clearance data were collected from 1472 hyperparasitemic Plasmodium falciparum malaria patients presenting to 4 clinics on the Thai-Myanmar border (2007) (2008) (2009) (2010) and treated with ART-combination therapy [4] . The Thai-Myanmar border is a region of emerging artemisinin resistance [4] and declining malaria transmission (VI Carrara, et al, unpublished data) [14] . We derived 13 parasite clearance metrics for each infection and used a subset of infections (n = 1057), genotyped at 96 genome-wide single nucleotide polymorphisms (SNPs) [4] , to measure the heritability of each clearance metric.
Parasite Clearance Measures
For each infection, we calculated t 1/2 P from parasite counts at 6-hour intervals following ART treatment until clearance. t 1/2 P is the first-order parasite clearance half-life and is estimated from the plot of natural log parasite density vs time as t 1/2 P = ln (2)/−k, where k is the slope. We also calculated t 1/2 P from parasite counts taken at 12-or 24-hour intervals following treatment until clearance; t 1/2 P from 6-hour parasite counts only during the first 24 or 48 hours of treatment; and 24-and 48-hour parasite reduction ratios (PRR 24 and PRR 48 ), calculated as follows: (1 + parasite density at 24 or 48 hours)/(1 + parasite density before treatment). In addition, 50% and 90% parasite clearance times (PC50 and PC90), defined as the time taken for the initial parasite density to fall by 50% or 90%, and parasite clearance time (time until the first negative slide) were calculated. We also estimated t 1/2 P by incorporating or excluding the lag phase. We used the parasite clearance estimator [13] , developed by the WorldWide Antimalarial Resistance Network (WWARN), to account for the lag phase when estimating t 1/2-P. Furthermore, we estimated t 1/2 P by modeling parasite clearance data using both standard regression, which excludes zero parasite counts, and tobit regression, which accounts for uncertainty in the measurement of parasitemia below the microscopy detection threshold [13] . Data from patients showing poor fit to a linear model (r 2 < 0.75) or with <3 data points were excluded.
Hence, sample sizes varied for the different clearance measures.
Parasite Genotyping
We genotyped parasite infections at 93 polymorphic SNPs across the P. falciparum genome using Illumina GoldenGate [4] . Of 1057 infections genotyped, 267 contained multiple parasite genotypes and were excluded from heritability analyses. SNP data from the remaining 790 single-genotype infections were used to identify groups of patients infected with identical multilocus parasite genotypes (MLGs). MLGs recovered from multiple patients are considered to be identical-by-descent and can be used for heritability estimation [4, 5, 10] .
Estimation of Heritability
We measured the heritability of parasite clearance metrics by comparing the variance of each metric within and among MLGs found in ≥2 patients. We then estimated heritability (H 2 ) from the mean squares terms in 1-way analysis of variance (ANOVA) [4, 5] . To account for other covariates that could influence clearance measures, we performed multiple regression analysis with each metric as the dependent variable and sampling date, location, treatment type, admission parasite density, patient age, and sex as independent variables. We then used residuals from the regression analysis in 1-way ANOVA to estimate H 2 .
To assess whether lags are heritable, we treated the lag phase as a binary character and compared the incidence of lags in the population with the incidence among identical parasite MLGs with lags [15] . We estimated H 2 using Edward's approximation [16] as
[15]. w p is the incidence of lags in the population calculated as w p ¼ P n i =Nn, where n i is the number of infections bearing lags in the ith MLG, and n is the total number of infections scored for lags in N MLGs, each found in ≥2 infections. w r is the incidence of lags among infections bearing identical MLGs, calculated as w r ¼ P ðn i À 1Þ=½N a ðn À 1Þ, where N a is the number of infections with lags.
RESULTS AND DISCUSSION
Data Summary
The parasite clearance data analyzed will be made available through WWARN (http://www.wwarn.org/). There were 790/ 1057 (75%) infections that contained a single predominant genotype; 516 MLGs were found in these infections. Of these, 129 MLGs were observed in 2-14 patients (n = 403); these are used in our heritability analysis. Table 1 shows the results from ANOVAs comparing clearance metrics within and between MLGs, and Figure 1 shows heritability estimates for each metric. These results allow direct comparison of the robustness of parasite clearance measures derived using different sampling schemes and slope-fitting procedures. ), as previously shown [4] . This decreases slightly to 0.62 ± 0.04 (SD) after removing the effects of significant covariates (Figure 1 ). To assess whether less frequent sampling can generate equally robust estimates of t 1/2 P, we subsampled the 6-hour dataset and recalculated t 1/2 P for 12-and 24-hour intervals and at 6-hour intervals for the first 24 and 48 hours after treatment. Both 12-hour and 24-hour sampling generated t 1/2 P with marginally reduced heritability (H 2 = 0.56 ± 0.06, P = 3.49 × 10 −21 and H 2 = 0.62 ± 0.07, P = 4.21 × 10 −14 , respectively). These abbreviated sampling approaches capture 85% and 94% of the genetic component of t 1/2 P variation identified from 6-hour parasite sampling until clearance (Figure 1 ). However, sampling every 24 hours yields sparse data and cannot be recommended because many samples fit poorly to the linear model. Hence, in this dataset, 59% of samples (n = 867) had r 2 < 0.75 or <3 data points and were rejected (Table 1) . Six-hour monitoring of parasite density over the first 48 hours was very successful. This approach captured 100% of the maximal genetic signal in t 1/2 P variation (H 2 = 0.66 ± 0.04) and performed as well as 6-hour parasite monitoring until clearance ( Figure 1 ). This approach will be cost effective in malariaendemic areas where ART-resistant infections are found and could result in considerable reductions in time and expense. In this dataset, 18 116 slides were read for all patients from treatment to clearance. Reading slides from only the first 48 hours reduces this number by 33%. In addition, this sampling approach yields parasitemia data with a good fit to the linear model. Of the 1472 samples analyzed, 97.2% (n = 1431) had r 2 ≥0.75 compared with 97.1% (n = 1429) for the full dataset (Table 1 ). This abbreviated strategy will be beneficial only in locations where resistance is present, because in most endemic countries parasites are cleared within 48 hours. In contrast, 6-hour monitoring of parasite density over the first 24 hours of treatment does not provide such robust results. This approach yields parasite clearance half-lives with moderate heritability (H 2 = 0.45 ± 0.06) and results in considerable (12%) reduction of sample size (n = 1295) ( Table 1) . PC50, PC90, PRR 24 , PRR 48 , and parasite clearance time have been widely used due to logistical simplicity [1, 2, [8] [9] [10] [11] [12] . However, these approaches capture significantly less heritability and cannot be recommended. For example, heritability for PC50 (H 2 = 0.06 ± 0.06) is not significant (Table 1) , while heritabilities for PC90, PRR 24 , PRR 48, and clearance time range from 0.21 ± 0.07 to 0.45 ± 0.05 ( Figure 1 ). We caution against using these metrics for assessing ART susceptibility because they have high error and poorly capture the genetic signal in the clearance data.
Effect of Sampling Frequency
Effect of Lag Phase
Previous approaches for measuring parasite clearance rates did not account for the lag phase [5] . However, there is concern that exclusion of the lag phase may misrepresent the clearance profile and that the lag phase may contain important pharmacodynamic information. Of profiles passing our quality thresholds, 367 of 1429 had lags, ranging from 4 to 41 hours. While the presence of the lag phase slightly overestimated t 1/2 P, it had a major influence on PC50, PC90, and 48-hour PRRs. This is because the latter are associated with initial parasite densities (Supplementary Table 1 ). In contrast, t 1/2 P values from 6-hour parasite monitoring were not associated with admission parasitemia (Supplementary Table 1 ). Heritability of t 1/2 P did not differ significantly whether or not the lag phase was incorporated in estimating t 1/2 P (Figure 1 ). Although lags were significantly more common (x 2 ¼ 24:981; df = 1; P = 5.79 × 10
) among fast-clearing infections with t 1/2 P < 6.15 hours (28%; We estimated the amount of variation in each clearance metric explained by parasite genetic factors using 1-way analysis of variance on log-transformed parasite clearance data. We also examined the effect of parasite genotype on residual variance in each metric after removing the effects of significant covariates.
Abbreviations: DF(x,y), degrees of freedom in the x-variable (parasite genotype) and the y-variable (clearance metric or residuals after removing effect of significant covariates); N, number of patients with good clearance rate estimates (r 2 ≥ 0.75); PRR, parasite reduction ratio; T1/2, parasite clearance half-life. n = 1297) compared with slow-clearing infections with t 1/2 P ≥ 6.15 hours (8%; n = 132), we found no evidence that lags are heritable (H 2 = −0.06 ± 0.10). The lag phase is most likely due to the age distribution of the parasite population, as suggested previously [13, 17] .
Effect of Using Different Slope-Fitting Procedures
Both tobit and standard regression models captured the same amount of variation in t 1/2 P due to parasite genetic factors ( Figure 1 ). However, this dataset is unusually complete. Tobit regression will improve fit to datasets with fewer data points or with long gaps between observations, and we recommend use of this slope-fitting procedure in preference to simple regression [13] .
Conclusions
Our results demonstrate that 6-hourly sampling of parasitemia for the first 48 hours following treatment provides robust clearance rate measures that are equal to 6-hourly monitoring until clearance. This abbreviated approach has considerable advantages in Southeast Asian countries that harbor ART-resistant parasites because parasites may be present for up to a week following treatment. While the current dataset involves hyperparasitemic patients, we expect that 6-hourly sampling of parasitemia for the first 48 hours following treatment will be equally effective for uncomplicated parasitemia cases [3] . Methods based on time to clearance or PRRs performed poorly and should be avoided. Because we observed no indication that parasite genetics determines the lag phase observed in some clearance curves, we suggest that both surveillance and genetic studies of ART resistance focus on the linear part of clearance curves. More generally, these results demonstrate the utility of heritability for assessing the robustness of phenotype measures [10] .
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